Here, we demonstrate highly sensitive textile-based strain sensors using poly (3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)/silver nanowire (Ag NW)-coated nylon threads for electronic textile applications. For the coating of Ag NW and PEDOT:PSS layers, we employed a simple and cost-efficient 'dip and dry' method which facilitated conformal coating of Ag NWs and PEDOT:PSS on cylindrical-shaped nylon filaments. In this study, to improve the stability of the strain sensor, we employed poly-L-lysine (PLL) surface modification of nylon threads prior to the Ag NW coating process. By stability tests, it was found that the PLL surface modification significantly improved the operational stability of the strain sensor, attributed to the enhanced adhesion between Ag NWs and nylon thread. By mechanically sewing the PEDOT:PSS/Ag NW/nylon thread onto a fabric, a textile-based strain sensor was fabricated, exhibiting strain gauge factors of 1.69-3.31 (strain range of 5-20%) and stable operation up to ca. 1000 stretch-release cycles. Furthermore, as a possible extensive use of the PEDOT:PSS/Ag NW/nylon threads, a capacitive-type touch/pressure sensor was also demonstrated on a textile platform.
Introduction
Recently, electronic textiles have attracted considerable interest in the eld of wearable electronics owing to their unique advantages such as draping properties, good exibility, mechanical durability, and comfort. [1] [2] [3] These advantages of electronic textiles have brought the development of various electronic devices made on textile platforms including sensors, displays, solar cells, energy generators and supercapacitors.
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Among the various types of textile-based electronic devices, strain and pressure sensors are of particular interest for their extensive uses in electronic textiles. 11 For example, strain and pressure sensors can be embedded in clothing to monitor the tilt angles of a joint, 12 observe muscle activity, 13 or measure the pressure applied to the human body.
14 In order to realize textile-based strain and pressure sensors, a strain or pressure sensing component must be embedded in the textile. Although the conventional rigid metallic lms or conducting elastomers could be used as a sensing component, conductive thread-type sensing elements are more preferable for electronic textiles since they are light-weight, fully exible, and possess physical properties similar to those of common fabrics. Previously, Park et al. reported graphene strain sensors based on stretchable yarns for human motion monitoring. 15 The strain sensor exhibited stretchability up to $150% and a gauge factor (G) of 1.4 within 150% of strain. 15 Cheng et al. also demonstrated ber strain sensors using reduced graphene oxide-coated polyester bers winded on a polyurethane ber. 16 The strain sensor was capable of detecting multiple deformation and exhibited gauge factors of 10 within 1% of strain, and 3.7 within 50% of strain. 16 In addition, various types of textile-based sensors were demonstrated using conductive sensing components such as poly(styrene-block-butadiene styrene)-coated bres where conductive silver nanoparticles are synthesized on the surface of the bre, 17 carbon nanotube (CNT)-based conducting bres, 18 and poly (3,4-ethylenedioxythiophene) :poly(styrene sulfonate) (PEDOT:PSS)-coated conducting bres. 19 Along with these sensing components, conductive threads comprising mechanically exible silver nanowires (Ag NWs) or their composites can be also promising candidates owing to their great exibility, stretchability, low electrical resistance, and low temperature processability (<120 C). [20] [21] [22] In fact, using the Ag NWs as a sensing component, highly sensitive strain sensors on two-dimensional structures have been demonstrated utilizing the percolation network structure of Ag NWs.
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a SKKU Advanced Institute of Nanotechnology (SAINT), Sungkyunkwan University, Suwon 16419, Korea. E-mail: yhkim76@skku.edu Here, we demonstrate highly sensitive textile-based strain sensors using PEDOT:PSS/Ag NW-coated nylon threads as a strain sensing component for electronic textile applications. By using a simple and cost-efficient 'dip and dry' method, the conducting layers of Ag NW and PEDOT:PSS were successfully coated on cylindrical-shaped nylon laments at low-temperatures. In addition, to improve the stability of the strain sensor, we employed poly-L-lysine (PLL) surface modication prior to the Ag NW coating process which signicantly enhanced the adhesion of Ag NWs on nylon threads. Using the PEDOT:PSS/Ag NW/nylon threads, a textile-based strain sensor was fabricated exhibiting strain gauge-factors of 1.69-3.31 in a strain range of 5-20%. Also, the strain sensor was stably operated up to 1000 stretch-release cycles. Furthermore, as a possible extensive use of the PEDOT:PSS/Ag NW/nylon threads, a capacitive-type touch/ pressure sensor was demonstrated which successfully identied the touching and pressing actions.
Experimental

Materials preparation
As a thread material, commercially available multilament nylon thread was used. For the PLL surface modication of nylon threads, an aqueous PLL solution (0.1 w/vol% in H 2 O) was used without any modication (purchased from Sigma-Aldrich). For the Ag NW coating, an Ag NW ink (0.3 wt%) diluted in isopropanol alcohol was used (purchased from Nanopyxis). In addition, for the PEDOT:PSS coating, a pH-neutral PEDOT:PSS solution was rst prepared (purchased from Ditto technology), and 10 wt% of glycerol was added to the PEDOT:PSS solution and thoroughly stirred to obtain a glycerol-doped PEDOT:PSS solution. The glycerol doping was carried out to enhance the electrical conductivity and the water stability of PEDOT:PSS layers. [26] [27] [28] PLL surface modication and PEDOT:PSS/Ag NW coating on nylon threads
To fabricate a PEDOT:PSS/Ag NW-coated nylon thread, the multilament nylon thread was rst cleaned by sonication in methanol, ethanol, and de-ionized (DI) water for 10 min each and dried in a convection oven at 70 C for 3 h (Fig. 1a) . Aer-ward, PLL surface modication was carried out by immersing the nylon thread in an aqueous PLL solution for 1 h. Then, the PLL-modied nylon thread was dipped in an Ag NW ink for 10 min and dried at 70 C for 30 min in a convection oven. The
Ag NW coating and drying processes were repeated three times to obtain sufficient electrical conductivity. Next, the PEDOT:PSS coating process was carried out by immersing the Ag NW-coated nylon thread in a glycerol-doped PEDOT:PSS solution for 10 min and drying at 70 C for 1 h. Finally, the PEDOT:PSS/Ag NW/ nylon thread was dried at 120 C for 30 min.
Fabrication and characterization of textile-based strain and touch/pressure sensors
Textile-based strain sensors were fabricated by using PEDOT:PSS/Ag NW/nylon threads with PLL surface modication. For the fabrication of a strain sensor, the PEDOT:PSS/Ag NW/nylon thread was mechanically sewn onto a fabric using an automatic sewing machine (Brother, Innovis 55p). In the sewing process, an electrically insulating nylon thread was used as an interlocking thread to rmly interlock the PEDOT:PSS/Ag NW/nylon thread on the fabric and maintain the patterns. As sensor patterns, we employed a linear-type pattern which exhibits higher strain sensitivity and gauge factor compared to a zigzag-type pattern. 4 For the analysis of sensing characteristics, the resistance variation of a strain sensor was analyzed in a strain range of 0-20% by using a source measure unit (Keithley, 2400). Here, the maximum strain value was set at 20% due to the limited stretchability of the PEDOT:PSS/Ag NW/ nylon thread ($25%). In addition, for the fabrication of capacitive-type touch/pressure sensors, two PEDOT:PSS/Ag NW/ nylon threads were rst sewn onto two separate fabrics. Aer-ward, with the two PEDOT:PSS/Ag NW/nylon threads facing each other, a double-sided adhesive (ca. 70 mm thick) was placed in between the fabrics and a pressure was applied to attached the two fabrics. The double-sided adhesive has the role of attaching the two fabrics together and also as a dielectric layer in a capacitor.
The microstructures of nylon threads were investigated by using a eld-emission scanning electron microscope (FESEM) (JEOL, JSM-7600F). The chemical structures of the Ag NW/nylon and Ag NW/PLL/nylon threads were analyzed using Fourier transform infrared spectroscopy (FT-IR) (ThermoFisher, Nicolet iS5), and the capacitance variation of touch/pressure sensors was analyzed by using a precision LCR meter (Agilent, 4284A), respectively.
Result and discussions
For the fabrication of PEDOT:PSS/Ag NW/nylon thread, Ag NWs were rst coated on the nylon thread by 'dip and dry' method as shown in Fig. 1a. Fig. 1b and c show the SEM images of Ag NWcoated nylon thread with PLL surface modication. As shown here, Ag NWs with random orientation were uniformly coated on nylon thread successfully forming a percolation structure. As a result, the Ag NW/nylon thread showed relatively low resistance of ca. 509 U (measured with two probes displaced by ca. 1 cm on the thread). Here, prior to the Ag NW coating process, we applied PLL surface modication to nylon threads in order to improve the stability of the strain sensor. In fact, without the PLL surface modication, the strain sensors using Ag NW/nylon thread showed poor operational stability (Fig. 2a) . To clearly determine the inuence of PLL surface modication on the stability of the sensor, textile strain sensors using Ag NW/nylon threads with and without PLL surface modication were separately prepared and their operational stabilities were investigated. In the case of a strain sensor fabricated using an Ag NW/ nylon thread without PLL modication, the sensor showed good responses to the applied strain up to $8.5 min of operation as shown in Fig. 2a . In this period, the resistance of the sensor decreased from ca. 200 MU to 0.1-1 MU when it was stretched with a strain of 20% (corresponds to a stress value of $0.6 GPa). 29, 30 However, aer $8.5 min of operation ($40 stretch-release cycles), the sensor was instantaneously failed and showed no response to the applied strain. We supposed that without the PLL surface modication, the Ag NWs are rather loosely adhere to the nylon surface, and likely to detach from the surface upon repeated stretch-release cycles. On the other hand, with the PLL surface modication applied prior to the Ag NW coating process, the stability of the sensor was signicantly improved as shown in Fig. 2b . As displayed, the sensor was stable up to $600 stretch-release cycles without any noticeable failure. This signicant improvement in stability can be attributed to the enhanced adhesion between Ag NWs and the nylon thread which led to a suppression of physical detachment of Ag NWs during the repeated stretch-release cycles.
As shown in Fig. 2 , the resistance of strain sensor decreased upon mechanical stretching. Such decrease of resistance at a stretched state can be explained by the enhanced percolation between the conductive nylon monolaments, 31, 32 by which the conducting paths through the nylon threads were increased. In order to understand the mechanism more clearly, we adopted a resistance model (Fig. 3a) , similar to those developed for describing the resistance variation in a carbon nanober yarn 31 and a graphene-based ber. 16 Here, R 1 , R 2 and R c represent the lament-1 resistance, lament-2 resistance and contact resistance, respectively. As illustrated, the contact resistance plays an important role in determining the total resistance of the thread. As shown in Fig. 3b , the PEDOT:PSS/Ag NW/PLL/nylon thread consists of multiples of monolaments which are aligned in parallel and twisted. Therefore, when the thread is stretched in a lateral direction, the contacting points between the monolaments are likely to increase, which results in a decrease of resistance. Such an increase of contacting points can be partially supported by a decrease of thread diameter from 300.7 mm to 278.0 mm upon 20% of strain (Fig. 2b) . In fact, the percolation behavior of the multilament conducting thread can be explained by the Holm theory 32 as shown below,
where, R c is the contact resistance of contacted bodies, r the resistivity, H the hardness, n the number of contacting points in contact area, F the contact force, and x a constant parameter. According to this model, when the number of contact points are increased, the contact resistance is decreased which may enhance the overall conductivity of the ber. Moreover, in twisted parts, the lateral stretching results in an increase of contact area which consequently leads to a decrease of the contact resistance.
As shown in the stability tests, the PLL surface modication of nylon thread allowed enhanced stability of the Ag NW/nylonbased strain sensors. It is considered that the enhanced stability is attributed to the good adhesion of Ag NWs on nylon surface. Such improved adhesion by the PLL surface modication can be explained by the interactions occurring between nylon thread, PLL interlayer, and poly(vinyl pyrrolidone) (PVP) molecules which wrap around the Ag NWs. 33, 34 During the PLL surface modication, it is likely that nucleophilic addition reactions between amino groups (-NH 2 ) in PLL molecule and carbonyl groups (C]O) in nylon thread occur, 33 leading to a conformal coating of PLL on nylon thread surface. Aerward, during the Ag NW coating process, similar nucleophilic addition reaction 33 and/or ring opening 34 reaction could take place between the amino groups in PLL molecule and the carbonyl groups (C]O) in PVP molecule. These reactions then result in a tight binding between the nylon thread and Ag NWs, enhancing the adhesion strength. A possible evidence of nucleophilic addition reactions or ring opening induced by the PLL surface modication can be speculated by the FT-IR data. As shown in Fig. 4 , with the PLL surface modication, the peak corresponding to amide C]O stretch (wavenumber of 1630-1680 cm À1 ) 35 was reduced, which can be attributed to the nucleophilic addition and/or ring opening reactions at the nylon/PLL and PVP/PLL interfaces.
As described, with the PLL surface modication, the operational stability of Ag NW/nylon-based strain sensor was significantly improved. However, despite its decent stability, the Ag NW/nylon strain sensor showed a relatively high initial resistance (R 0 ) of 100-200 MU, possibly due to the physical detachment or damages of Ag NWs during the mechanical sewing process. Therefore, to prevent the physical detachment and any damage of Ag NWs during the sewing process, a conducting passivation layer covering the Ag NWs was employed. Here, we use a conducting polymer PEDOT:PSS as a passivation layer. As shown in Fig. 1d , the PEDOT:PSS passivation layer completely covered the Ag NWs, and in addition, the voids between the Ag NWs were lled by the PEDOT:PSS. Due to the complete covering of Ag NWs by a conducting PEDOT:PSS layer, the physical detachment of Ag NWs during the sewing process can be effectively suppressed. Indeed, by using the PEDOT:PSS/Ag NW/nylon thread, a strain sensor having an initial resistance of 50-150 kU could be fabricated as shown in Fig. 5a and d . Fig. 5b shows the strain-dependent resistance change (DR/R 0 ) of a PEDOT:PSS/Ag NW/nylon thread-based strain sensor as a function of applied strain. At 5% of strain, the DR/R 0 value was À0.165 AE 0.011, and at 20% of strain, the DR/R 0 was À0.338 AE 0.037, showing a reasonable linear relationship between resistance change and applied strain. In Fig. 5c , the corresponding gauge factor is shown as a function of applied strain. Here, the gauge factor of the sensor was calculated by the following equation, G ¼ (|DR|/R 0 )/(DL/L 0 ), where DL is the change in length and L 0 is the initial length. In a strain range of 5-20%, the gauge factor of the sensor was 1.69-3.31 ( Fig. 5b) , which is comparably higher than that of PEDOT/polyester-based textile strain sensors. In Fig. 5d , the resistance variation of a PEDOT:PSS/Ag NW/ nylon strain sensor during 1000 stretch-release cycles is displayed, where the strain value was set at 20% in stretched states. The results show that the PEDOT:PSS/Ag NW/nylon strain sensor was operable up to 1000 cycles without any critical failure, suggesting that the coated Ag NW and PEDOT:PSS layers were well adhered to the nylon thread during the repeated cycles. Despite its good stability, it should be noted that the resistance in released states was gradually increased with increasing cycles, while the resistance in stretched states were relatively unchanged. The gradual increase of resistance can be attributed to the partial cracking of PEDOT:PSS layer during the repeated stretch-release cycles, 4 deteriorating the overall conductivity of the bre. Therefore, in order to further enhance the stability of the sensor, the utilization of high elasticity conducting polymers, carbon-based materials or organic/ inorganic hybrid materials needs to be considered as a passivation layer.
For further demonstration of textile-based electronics using PEDOT:PSS/Ag NW/nylon threads as a sensing component, a capacitive-type touch sensor was fabricated. Fig. 6a and b show an optical image and a schematic structure of the textile touch sensor, respectively. In the capacitive-type touch sensor, the two PEDOT:PSS/Ag NW/nylon threads work as the counter electrodes, while the double-sided adhesive lm placed between the threads works as a dielectric layer, forming a capacitor structure. As shown in Fig. 6c , in an untouched state, the total capacitance of the cell (C t ) is given by the equation,
, where C 0 is the capacitance of a capacitor formed by the top and bottom threads, 3 the vacuum permittivity, 3 r the dielectric constant, A the effective capacitor area, and d the average distance between the two threads. In this untouched state, the total capacitance (C t ¼ C 0 ) was measured as $0.5 pF as shown in Fig. 6d . In a touch state (touching the sensor with a nger without any pressure applied), an additional capacitor is formed by the nger and the top conducting thread, and, as a result, the total capacitance is changed to 1/C t ¼ 1/C 0 + 1/C s , where C s is the capacitance of a capacitor formed by the nger and the top conducting thread. Because of the serially connected capacitor structure, the total capacitance of the cell was lowered to $0.35 pF, which gives a corresponding C s value of ca. 1.17 pF.
Furthermore, the fabricated textile touch sensor could also distinguish the pressure applied to the sensor. As shown in Fig. 6d , by pressing the sensor with a nger at different pressures, the total capacitance of the sensor varied according to the magnitude of pressure. With a relatively low-pressure applied to the sensor, the total capacitance was increased to $0.7 pF, while, with a higher pressure applied, the capacitance was further increased to $0.9 pF. As a possible explanation of the capacitance increase with the pressure, a schematic illustration is given in Fig. 6c . Here, as illustrated, when touching the sensor with a pressure, the thickness of the adhesive lm which is placed between the threads tends to decrease, and at the same time, because of the applied pressure, the effective capacitor area can be increased. Therefore, in the equation C ¼ 3 Â 3 r Â A/ d, both the C 0 and C s are increased, which give a rise to the total capacitance (1/C t ¼ 1/C 0 0 + 1/C 0 s ) of the sensor. According to these physical variations of active capacitance area and the dielectric thickness, the total capacitance is changed depending on the applied pressure, which enables the identication of applied pressure given to the capacitive-type textile sensors. Furthermore, the capacitive-type touch sensor was also capable of detecting the strain applied to the sensor. Particularly, the capacitance of the sensor was increased to $0.57 pF when a strain of 10% was applied to the sensor. The increase of capacitance value can be attributed to the reduction of the thickness of the dual-sided adhesive lm upon a lateral stretching.
Conclusions
In this paper, we demonstrated highly sensitive and stable textile-based strain sensors using PEDOT:PSS/Ag NW/nylon threads. By using a simple and cost-efficient 'dip and dry' method, the conducting layers of Ag NW and PEDOT:PSS were successfully coated on the multilament-type nylon threads. For the enhancement of the adhesion between Ag NWs and nylon threads, we employed PLL surface modication prior to the Ag NW coating process, which in turn, signicantly enhanced the stability of the strain sensor. As a result, using the PEDOT:PSS/Ag NW/nylon threads, a textile strain sensor having high gauge factor and good operational stability could be fabricated. In addition, a capacitive-type touch/pressure sensor was also demonstrated using the PEDOT:PSS/Ag NW/nylon threads on textile platform which is capable of identifying the touch action and a pressure applied to the sensor.
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